Introduction {#s01}
============

Aging is a physiological condition characterized by an overall decline in organ, cell, organelle, and protein function and homeostasis ([@bib29]; [@bib8]; [@bib38]; [@bib5]; [@bib25]). The negative effects of aging have been well documented in postmitotic tissues, such as the brain and the heart, which contain cells that are as old as the organism itself and are therefore maintained over a lifetime with little to no cellular turnover ([@bib37]; [@bib4]). However, the underlying mechanisms of lifelong persistence and age-dependent decline of these tissues remains poorly understood.

Recently, we have performed ^15^N stable-isotope pulse-chase labeling of rats followed by cell fractionation and quantitative mass spectrometry of brain and liver tissue to discover proteins with exceptional longevity in neurons that exceed the typical protein lifespan by months or even years ([@bib34]; [@bib40]). This is in striking contrast to the majority of the proteome, which is renewed within hours or days ([@bib28]). Only a few long-lived proteins (LLPs; i.e., proteins that persist for years) have been previously identified ([@bib12]; [@bib41]; [@bib22]). These include eye lens crystalline ([@bib22]), collagen, and myelin basic protein. The latter is a key structural component of myelin, which ensheathes neuronal axons ([@bib12]). The age-dependent deterioration of these proteins and their role in disease have been studied extensively ([@bib6]; [@bib15]; [@bib8]; [@bib13]). However, LLPs have not been considered to cause cellular aging, since they reside in extracellular space or in cells that lack metabolic activity (e.g., eye lens; [@bib23]; [@bib35]; [@bib41]; [@bib6]; [@bib39]). Although our ^15^N metabolic pulse-chase analysis identified many of these same proteins, the approach also revealed a novel set of intracellular LLPs. These LLPs are key components of well-known protein complexes and participate in myriad of cell biological functions, including transcriptional regulation and nuclear trafficking. The lack of turnover of these proteins raises important questions about their role in maintaining cell function over extremely long periods of time within the adult organism. One class of LLPs contains scaffold components of the nuclear pore complex (NPC), and in aged neurons we detected deterioration in nuclear transport activity and loss of the nuclear permeability barrier. This results in the aggregation of cytoplasmic proteins (e.g., tubulin) within the nucleus ([@bib8]). Strikingly, these kinds of intranuclear aggregates have been found in patients with Parkinson's disease ([@bib8]; [@bib44]), providing an unexpected link between NPC deterioration and neurodegenerative disorders. Our studies raise the exciting possibility that the age-dependent functional decline of LLPs might drive cellular alterations that have been observed in aging organs such as the heart and brain.

Nuclear LLPs include the nucleosome core histones H4 and H3.1 and the NPC scaffold nucleoporins (Nups) Nup93, Nup107, and Nup205 ([@bib40]). Previous data acquired in *Caenorhabditis elegans* and SILAM rats indicate that Nup93 and Nup107 are not replaced once inserted in the nuclear envelope (NE) despite continued protein synthesis, thus suggesting that protein localization may contribute to LLP longevity ([@bib8]; [@bib40]). This extreme protein longevity presents a challenge to protein homeostasis of LLPs, which are vulnerable to damage accumulation and age-dependent decline in function ([@bib6]; [@bib15]; [@bib8]; [@bib13]; [@bib40]). However, the cellular distribution and biological role of LLP longevity and how the overall architecture of nuclei of postmitotic cells, which in humans can last many decades, remains functionally intact are poorly understood.

A recent study used a "fluorescent timer" and time-lapse microscopy to monitor specific protein synthesis and degradation during the cell cycle in mouse embryonic stem cells ([@bib1]). However, to understand NPC maintenance mechanisms (i.e., the relative timing of Nup replacement) in postmitotic cells, we must be able to quantify and experimentally manipulate Nup exchange rates in nondividing cells. Because of the longevity of LLPs, it is not feasible to use FRAP to study them ([@bib16]). Therefore, we established the recombination-induced tag exchange (RITE) system initially developed in yeast ([@bib42]), to monitor the replacement of individual Nups in cultured muscle C2C12 cells. This represents an advantage over the ^15^N system in that the molecular mechanisms underlying Nup exchange can be analyzed in a cellular system suitable for experimental manipulation (e.g., protein mutagenesis, induction of cell stress). In addition, we used our metabolic pulse-chased labeled animals in combination with multi-isotope imaging mass spectrometry (MIMS) to visualize LLPs. Mass spectrometry, even when combined with subcellular fractionation, does not provide information about the precise intracellular localization of identified proteins. Determining the subcellular localization of LLPs will provide important clues concerning the functional relevance of their longevity.

Combining these two methods, we were able to monitor the replacement of specific, long-lived components of NPCs and nucleosomes during aging in postmitotic cells. This led to the observation that postmitotic cells maintain NPC proteins via a piecemeal process. Consistent with our mass spectrometry data, we found that the Nup Pom121 in cultured postmitotic muscle cells is exchanged rapidly, within 2--3 d. In contrast, exchange of Nup93, which is a member of the Nup205 complex, was undetectable over the 2-wk duration of the experiment. Interestingly, two components of the Nup107 complex showed slightly faster, yet different, exchange rates. In contrast, amino acid--deprived quiescent cells are capable of removing old nuclear pores in an endosomal sorting complexes required for transport (ESCRT)--dependent manner. Finally, using genome-wide mapping of long-lived histones revealed specific enrichment of long-lived variants at silent gene loci and thus age mosaicism at the level of chromatin organization.

Results and discussion {#s02}
======================

Piecemeal replacement of LLPs in postmitotic cells {#s03}
--------------------------------------------------

The previous finding that NPCs in adult neurons are built for life and are not replaced ([@bib40]; [@bib28]) raised the question about how they are maintained. We speculated that the observed age mosaicism among NPCs is the result of individual Nups being replaced at different and in some cases extremely low rates.

To determine the precise localization and lifespan of these proteins, we adapted a technique called RITE, initially developed to track young and old proteins in yeast ([@bib42]). In RITE, the gene of interest is cloned upstream of a C-terminal tag, which is flanked by loxP recombination sites, followed by a different tag ([Fig. 1 A](#fig1){ref-type="fig"}). Upon recombination with Cre recombinase, the initial tag is genetically removed and the protein is thereafter translated with the second C-terminal tag. As a consequence, this system allows for the replacement of one tag for another on any protein of interest by a loxP-Cre recombinase system, which ultimately enables the visualization of both young and old versions of the protein. To test this technology, we expressed in U2OS cells a RITE construct with GFP switching to mCherry and were able to visualize replacement of old GFP-labeled proteins by new Cherry-labeled proteins ([Fig. 1 B](#fig1){ref-type="fig"}).

![**RITE system for studying protein turnover. (A)** Schematic of the RITE system. Top: The protein of interest (ORF) has a C-terminal tag and stop codon (tag1) flanked by loxP recombination sites, followed by a second tag and stop codon (tag2). Addition of Cre recombinase is used to genetically switch the C-terminal tag to tag2. Bottom: To trigger tag switch in differentiated myotubes, cells expressing RITE-tagged proteins are mixed with cells expressing CreERT2, differentiated to fuse and form myotubes, and tag-switch induced by the addition of 4OHT. **(B)** RITE system in mammalian cells. Dividing U2OS cells expressing a GFP-cherry RITE construct were fixed and imaged before (upper) and 3 d after (lower) Cre addition. **(C)** NPC proteins RITE-tagged. Dividing U2OS cells were transfected with RITE-tagged (FM) Pom121 and Nup93 nucleoporins, tag switch induced, fixed and stained 16 h later, and imaged by confocal microscopy. Inset represents a zoomed-in view of the region indicated. **(D)** Histones RITE-tagged. Histones H2B and H4 were RITE-tagged, expressed, fixed, stained, and imaged as in B. Scale bars represent 5 µm.](JCB_201809123_Fig1){#fig1}

Next, we generated RITE switchable epitope tags (Flag to Myc \[FM\] and Myc to Flag \[MF\]) of the scaffold NPC proteins Nup93 and Nup96, the intermediately stable Nup133, the short-lived Nup Pom121, and the histones H4, H2B, H3.1, and H3.3 ([@bib17]; [@bib18]; [@bib19]; [@bib30]; [@bib40]). To ensure that each tag did not introduce any localization bias, FM and MF RITE tag versions of each Nup and histone were cotransfected into U2OS cells, and colocalization was confirmed (Fig. S1, A and B). When tag switching was induced in U2OS cells expressing Nup93-FM (details in Materials and methods), old and young versions of the Nup93 protein exhibited distinct localization patterns ([Fig. 1 C](#fig1){ref-type="fig"}, bottom row). Similar results were seen with histone H4-FM ([Fig. 1 D](#fig1){ref-type="fig"}, bottom row). Because this was done in unsynchronized dividing cells, distinct regions of Nup93 and H4 likely represent the timing within the cell cycle at which tag switch occurred, for example, representing NPCs inserted in early versus late interphase and chromatin replicated early versus late. When these experiments were repeated using tagged versions of Pom121 and histone H2B, two relatively short-lived proteins ([@bib40]), the distribution of old and young proteins was largely overlapping ([Fig. 1, C and D](#fig1){ref-type="fig"}, bottom rows). Therefore, the rapid exchange of Pom121 and H2B suggests that their respective complexes (NPCs and nucleosomes) likely consist of a mixture of young (e.g., Pom121 or H2B) and old (e.g., Nup93 or H4) proteins. Altogether, these results demonstrate that RITE is a powerful approach to visualize the distribution and relative age of proteins within the same cell and that, even in dividing cells, nuclei are mosaics of NPCs with different lifespans (e.g., Pom121 vs. Nup93).

Long-lived histones localize to the heterochromatin {#s04}
---------------------------------------------------

In our previous studies, we identified a subset of histones to be long-lived and wondered whether age mosaicism is a feature of chromatin organization. We therefore decided to test whether nucleosomes in dividing and nondividing cells might also exhibit age mosaicism. To do this, we used the C2C12 differentiation system, in which cells can exist in (a) a dividing myoblasts state, (b) a quiescent state where cells are poised to reenter the cell cycle, or (c) a nondividing terminally differentiated myotube state that, like neurons, do not reenter the cell cycle. Because myotubes result from the fusion of myoblasts to form multinucleated tubules, we mixed RITE-tagged myoblasts with a small number of myoblasts expressing inducible Cre-ERT2 and used the addition of 4-hydroxytamoxifen (4OHT) to initiate tag-switch, ensuring that the switch occurred only in cells that underwent fusion and terminal differentiation ([Fig. 1 A](#fig1){ref-type="fig"}). To achieve this, we expressed RITE-tagged histones H2B, H3.1, H3.3, and H4 in C2C12 cells and followed their turnover after tag-switch in dividing or quiescent myoblasts and postmitotic myotubes. As expected, in dividing myoblasts, all four histones exhibited almost complete turnover after 1--2 d ([Fig. 2 A](#fig2){ref-type="fig"}). In nondividing myotubes ([Fig. 2 B](#fig2){ref-type="fig"}) and quiescent cells ([Fig. 2 C](#fig2){ref-type="fig"}), however, some histone H3.1, H3.3, and H4 persisted for 7 d, concentrating around nuclear foci. Because histone H3.1 is associated with heterochromatin, and previous studies have suggested that heterochromatic histones are long-lived ([@bib14]; [@bib3]), we hypothesized that these foci of old histones corresponded to heterochromatin. To test this, we costained with the constitutive heterochromatin mark H3K9me3 and found that 7-d-old histones indeed localized to foci of heterochromatin ([Fig. 2, B and C](#fig2){ref-type="fig"}), consistent with the lack of histone turnover observed in heterochromatic regions in dividing yeast ([@bib3]).

![**Histone dynamics using the RITE system. (A)** Histone turnover in dividing cells. C2C12 cell lines stably expressing RITE-tagged (MF) H2B, H3.1, H3.3, and H4 were made, fixed, stained, and imaged using confocal microscopy before (0 Days) and 1, 2, and 3 d after tag switch was initiated in dividing cells. Representative images are displayed with Myc signal (red) overlaid with Flag signal (green). **(B)** Histone turnover in nondividing myotubes. The same cells from A were differentiated into myotubes as outlined in [Fig. 1 A](#fig1){ref-type="fig"} and fixed, stained, and imaged before (0 d) and 2, 4, and 7 d after tag switch. Upper panel of each set is the Myc (red) overlaid with Flag (green) signal. Lower panel of each set is staining of H3K9me3 in the same cells. Scale bars represent 5 µm. **(C)** ChIP-seq of RITE-tagged H3.3. RITE-tagged (MF) H3.3 C2C12 cells were differentiated into myotubes as described above and tag-switch induced. Myotube-enriched fractions were isolated from cells with no tag switch (0 d) and tag switched for 2 and 7 d. ChIP-seq was then performed on these time points using anti-Flag and anti-H3K9me3 antibodies. Regions of flag-tagged H3.3 incorporation were identified genome-wide (5′ to 3′ end), and H3K9me3 reads were correspondingly mapped. **(D)** Histone dynamics in quiescent cells. C2C12 cell lines from this figure were placed in quiescence, and tag switch time courses, staining, and imaging were conducted as described for B.](JCB_201809123_Fig2){#fig2}

To extend this analysis genome-wide, we performed chromatin immunoprecipitation sequencing (ChIP-seq) targeting old or new histone H3.3 and H3K9me3 in nondividing myotubes at 0 or 7 d after tag-switch induction with 4OHT. This analysis revealed that new H3.3 preferentially incorporated into regions of active chromatin which lack H3K9me3 ([Fig. 2 C](#fig2){ref-type="fig"}), consistent with previous work demonstrating that histone turnover is coupled to transcription ([@bib26]; [@bib24]). Thus, in nondividing cells, exchange rates of histones correlated with the type of underlying chromatin marks, with active chromatin harboring short-lived histones and inactive chromatin occupied by long-lived histones. These results show that protein age mosaicism is a feature of long-term genome maintenance, whereby chromatin is composed of nucleosomes with vastly different lifespans.

NPC turnover in dividing and postmitotic cells {#s05}
----------------------------------------------

Previous experiments in *C. elegans* and rats revealed that LLPs can persist for months in tissues with limited regenerative capacity, such as the brain ([@bib8]; [@bib34]; [@bib40]; [@bib28]). This raised the question of how these protein assemblies are maintained in nondividing cells over such long periods of time. For example, it is unclear whether the stable scaffold of the NPC is turned over by replacing the entire scaffold at once, or by slowly replacing individual subcomplexes (i.e., Nup93) within the NPC scaffold. In addition, are all NPCs within a given cell identical in age, or are there NPCs of different ages within each cell?

We therefore wanted to study this remarkable protein stability using RITE in a postmitotic cell system in vitro. Specifically, we wanted to visualize NPC protein exchange rates at the NE. To study Nup dynamics in dividing myoblasts and nondividing myotubes, we RITE-tagged two stable Nups (Nup93 and Nup96), an intermediately stable Nup (Nup133), and a dynamic Nup (Pom121) and expressed them separately in C2C12 cells. In dividing myoblasts, all four RITE-tagged Nup proteins were turned over at similar rates, generally within 2 d ([Fig. 3 A](#fig3){ref-type="fig"}). When the same cells were differentiated into nondividing myotubes, however, Nup93 and Nup96 exhibited very little turnover, whereas Nup133 and Pom121 exhibited moderate (50% after 2 wk) and rapid (75% after 2 wk) levels of turnover, respectively ([Fig. 3 B](#fig3){ref-type="fig"}), recapitulating the age mosaicism seen across different components of the NPC in the rat ([@bib40]). Cells expressing Nups with FM and MF RITE-tagged versions were also mixed and differentiated, resulting in myotubes that express both tags simultaneously. Similar stability (Nup93 and Nup96) and turnover (Nup133 and Pom121) were seen, demonstrating that the diverse dynamics are not an artifact of Cre or 4OHT (Fig. S1 C). These findings strongly support the idea that NPCs are built to last the entire life of a cell.

![**NPC dynamics using the RITE system. (A)** Nups in dividing C2C12s. C2C12 cell lines stably expressing RITE-tagged (MF) Nup93, Nup96, Nup133, and Pom121 were made, fixed, stained, and imaged using confocal microscopy before (0 Days) and 1, 2, and 3 d after tag switch was initiated in dividing cells. Representative images are displayed with Myc signal (red) overlaid with Flag signal (green). Quantification of NE-localized Nup-RITE proteins, plotted underneath, is of relative Myc intensity on the NE as a fraction of total (MF) intensity on the NE. **(B)** Nups in nondividing myotubes. Cell lines from A were differentiated into nondividing myotubes as described in [Fig. 1 A](#fig1){ref-type="fig"} and fixed, stained, and imaged before (0 Days) and 3, 7, and 14 d after tag switch. Image representation and quantification are as described in A. **(C)** Nups in nondividing quiescent cells. Cell lines from A were induced into quiescence, fixed, stained, and imaged before (0 Days) and 3, 7, and 14 d after tag switch. Image representation and quantification are as described in A. All scale bars represent 5 µm. Error bars represent the 95% confidence interval.](JCB_201809123_Fig3){#fig3}

Next, we studied Nup dynamics in quiescent muscle cells, where we expected results similar to those in postmitotic myotubes. However, new Nup93 and Nup96 incorporated into quiescent nuclei at significant rates (50% after 2 wk; [Fig. 3 C](#fig3){ref-type="fig"}). The appearance of newly synthesized Nup93 and Nup96 was not due to cell division, as we determined the quiescent status of these cells by thymidine analogue EdU incorporation and use of the cycling cell poison cytosine arabinoside (AraC; Fig. S1, D--F). Furthermore, total NPC number also did not change substantially over 28 d, showing that the new protein incorporation we observed in quiescent cells was not simply due to the addition of new nuclear pores (Fig. S2 B). Taken together, these data suggested that for every new NPC inserted, an old NPC must be removed. To explore this phenomenon further, we used the RITE system to visualize Nup exchange at the single-pore level using structured-illumination microscopy (SIM; [Fig. 4, A and B](#fig4){ref-type="fig"}). If NPC turnover in quiescent cells occurs through subcomplex turnover, we would expect each pore to have a mixture of old and new scaffold proteins. However, if turnover occurs through whole-pore turnover, we would expect each NPC to contain old or new scaffold proteins, but not both (Fig. S2 A). SIM superresolution imaging of RITE-tagged NPC proteins showed that the vast majority of both old and new proteins, at 7 and 14 d after tag-switch, were clearly visible and their localization patterns did not overlap ([Figs. 4 A](#fig4){ref-type="fig"} and S2, C and D). These data strongly suggest that entire NPCs are removed from the NE and replaced by new ones. Consistent with this idea, the number of old NPCs decreased and the number of new NPCs increased ([Fig. 4 B](#fig4){ref-type="fig"}), whereas the total NPC density remained constant (Fig. S2E). Notably, we observed a small amount of overlap between old and new proteins ([Figs. 4](#fig4){ref-type="fig"} and S2, C and D), suggesting that rare piecemeal replacement events of specific NPC components may also take place. These results indicate that NPC maintenance occurs by distinct mechanisms in terminally differentiated cells and in quiescent cells: although NPCs in postmitotic cells can last an entire lifetime and are maintained by piecemeal replacement (and reincorporation) of individual components at different rates, NPCs in quiescent cells are turned over as one entire unit, similar to ribosomes ([@bib31]).

![**Mechanism of NPC turnover in nondividing quiescent cells. (A)** Single pore imaging of Nup93 turnover in quiescent cells. C2C12 cells stably expressing RITE-tagged (MF) Nup93 were induced into quiescence and tag switch initiated. Cells were fixed and stained before (0 Days) and 7 and 14 d after tag switch. Cells were then imaged using structured illumination superresolution microscopy. Representative images display Myc (red) and Flag (green) signal overlaid. Scale bar represents 1 µm. **(B)** Quantification of Nup turnover in quiescent cells. Identical experiments were performed using Nup96 and Nup133 as described in A. Myc (Old) and Flag (New) pore numbers were then quantified at each time point and plotted. Error bars represent 95% confidence intervals. **(C)** MIMS imaging of long-lived NPCs. ^15^N-labeled mice chased with ^14^N food for 6 mo were perfused and fixed, tissues dissected and prepared for EM, and 80-nm-thick brain sections mounted on silicon wafers were imaged by scanning EM (SEM; left) and MIMS (right). Images were aligned, NPCs identified in SEM images (arrows), and corresponding MIMS signals highlighted (arrows). Yellow arrows represent NPCs with high ^15^N signal, and the white arrow is an NPC with low ^15^N signal. Data shown is from one mouse and is representative of three scanned neurons. **(D)** Nup93 turnover in Pom121 knockdowns. C2C12 cell lines were constructed that expressed both RITE-tagged (MF) Nup93 and an inducible shRNA targeting Pom121. Cells were placed into quiescence and tag switch induced with (orange bars) and without (gray bars) Pom121 knockdown induction. Cells were fixed, stained, and imaged before (0 Days) and 14 d after tag switch. Intensity of the flag signal (new) was normalized to background intensity and plotted. Error bars represent 95% confidence intervals. **(E)** Nup93 turnover with ESCRT-III knockdowns. C2C12 cell lines were constructed as in D, but expressing a nontargeting (luciferase) or ESCRT-III targeting inducible shRNAs (Chmp3 and Chmp2a). Turnover was quantified as described in [Fig. 3 A](#fig3){ref-type="fig"}. \*\*, P \< 0.01; \*\*\*, P \< 0.001 calculated using two-tailed unpaired *t* tests.](JCB_201809123_Fig4){#fig4}

Imaging NPC turnover in vivo {#s06}
----------------------------

To determine whether this type of NPC age mosaicism is present in vivo and to determine the age of individual NPCs in the brain of mice, we used correlated MIMS ([@bib46]) and scanning EM (herein called MIMS-EM). MIMS is an isotope mapping technology that uses a scanning cesium beam to ionize different isotopes (e.g., ^15^N and ^14^N) embedded in a cell or large protein complex and that are then detected by different mass detectors ([@bib46]). As a result, MIMS generates quantitative and ratio-metric isotope maps (displayed here as a ^15^N-to-^14^N ratio \[^15^N/^14^N\]) that are combined with scanning EM to provide high-resolution structural information overlaid with age. Here, using a similar approach to the one used to discover LLPs ([@bib40]), we generated a mouse labeled in utero and throughout early life with ^15^N until postnatal day 45 (P45) and chased for 6 mo. This labeling approach labels amino acids and nucleic acids with ^15^N, and after 6 mo of chase, most of the ^15^N signal that remains in neurons is nuclear and is from DNA and rare LLPs (i.e., embedded NPCs and core histones), as expected (Fig. S3 A; [@bib34]; [@bib40]). Next, we imaged en face neuronal NPCs from a single neuron located in layer 2 of the primary cortex and observed that four of five NPCs imaged contained ^15^N/^14^N levels that ranged between 1.5- and 3-fold above the natural ratio ([Fig. 4 C](#fig4){ref-type="fig"}). However, although this NPC ^15^N-positive signal was not present in neighboring areas of the NE that did not contain NPCs (Fig. S3 A), it was possible that the observed NPC ^15^N signal could be from the underlying ^15^N-rich heterochromatin (Fig. S3 B). Therefore, we took advantage of nucleus curvature and applied MIMS-EM to serial sections from the "cap" of another neuron nucleus (Fig. S3, B and C), allowing us to image NPCs in the Z-axis and to minimize the risk of contamination from underlying heterochromatin. Reconstruction of the MIMS-EM data stack revealed that most NPCs are long-lived and contained ^15^N levels three times above the natural ratio (Fig. S3, A and C). We also observed rare NPCs that did not retain ^15^N above background levels ([Fig. 4 B](#fig4){ref-type="fig"} and Fig. S3, A \[magenta arrows\] and C \[lower panel\]). These results strongly support the idea that most NPCs in LLCs are indeed long-lived structures with components that can last at least 6 mo and confirm our previous findings ([@bib40]). Strikingly, these data suggest that the turnover and/or maintenance of NPC-associated LLPs is heterogeneous and highlight a potential age mosaicism among different NPCs of the same nucleus.

NPC turnover in quiescent cells is Pom121 and ESCRT dependent {#s07}
-------------------------------------------------------------

Although we observed NPC turnover occurring in quiescent cells, how might the addition and removal of entire NPCs from the intact NE occur in the absence of cell division? In dividing cells, NPC assembly requires the transmembrane Nup Pom121 ([@bib2]; [@bib10]). To determine whether new NPC insertion in quiescent cells occurs through a similar mechanism, an inducible shRNA system was used to selectively knock down Pom121 at tag-switch initiation ([@bib11]). Indeed, NPC insertion was markedly decreased in cells with reduced levels of Pom121, compared with uninduced controls ([Fig. 4 D](#fig4){ref-type="fig"}). But how are entire NPCs removed from the intact NE without disrupting nuclear/cytoplasmic compartmentalization? One potential mechanism would be autophagy of a portion of the NE, including resident NPCs, as nucleophagy has been observed in yeast ([@bib32]; [@bib21]). Next, we quantified NPC turnover in quiescent cells in the presence of the autophagy inhibitor 3-MA or the autophagy activator trehalose ([@bib33]; [@bib45]); however, no significant effect was observed in treated cells (Fig. S3, D and E).

An alternative means by which NPCs could be turned over is through ESCRT complexes, as this pathway mediates NE resealing following mitosis and removal of aberrant or incomplete NPCs from the intact NE ([@bib43]; [@bib27]). To test this, we established Nup93-RITE cell lines with doxycycline-inducible shRNAs to knockdown the ESCRT-III proteins Chmp3, Chmp2a, or a luciferase control. Induction of the shRNA resulted in knockdown of the corresponding proteins (Fig. S3, F and G) and partially inhibited Nup93 turnover in the ESCRTIII, but not luciferase, shRNA cell lines ([Fig. 4 E](#fig4){ref-type="fig"}). These findings suggest a role for the ESCRT machinery in quiescent cells and suggest that topological NE remodeling events may be involved in NPC removal in quiescent cells.

Age mosaicism of proteins and protein complexes has largely been an unexplored area of research. In this study, we were able to define the spatial organization and rationale for age mosaicism within single cells. Our data indicate that the age of a protein may define or be necessary for an underlying function, such as the maintenance of silent heterochromatin by old histones. For the NPC, age mosaicism is twofold, as it occurs within the same complex between different proteins, and across different NPCs within the same cell. As the NPC participates in genome organization, gene regulation, and transport into and out of the nucleus, determining whether old versus young NPCs mediate distinct functions will be a complex but exciting area of future research. The NPC is a good example for this molecular-age mosaicism, since individual nucleoporins in the same protein complex have different lifespans. Our studies reveal that this mosaicism can be explained by a slow piecemeal replacement mechanism that allows NPCs to be maintained over long periods of time. This supports the idea of a piecemeal maintenance mechanism by which specific NPC components and the NPC structure can persist for the lifespan of a cell but is composed of relatively younger components. More broadly, the RITE system will help identify and functionally characterize other examples of protein-age mosaicism.

Materials and methods {#s08}
=====================

Plasmid and strain construction {#s09}
-------------------------------

The GFP-Cherry RITE cassette was constructed with a 3xGGS linker (5′-GGAGGCTCGGGGGGCAGCGGAGGCTCGGGG-3′) followed by a loxP recombination sequence (5′-ATAACTTCGTATAATGTATGCTATACGAAGTTATCA-3′), BamH1 cut site, eGFP, BamH1 cut site and stop codon, loxP sequence, Age1 cut site, mCherry sequence, Age1 cut site, and stop codon. The Myc-Flag cassette was constructed with the 3xGGS linker, loxP site, 3xMyc tag separated by GGS linkers (5′-GAGCAGAAACTCATCAGCGAAGAAGATCTCGGGGGATCCGAACAAAAGCTTATCTCCGAAGAGGATCTGGGTGGTAGTGCATCAATGCAGAAGCTGATCTCAGAGGAGGACCTG-3′), stop codon, loxP site, 3xFlag tag separated by GGS linkers (5′-GATTACAAGGATGACGACGATAAGGGGGGATCCGACTACAAAGACGATGATGACAAAGGTGGTAGTGATTACAAGGATGACGACGATAAG-3′), and stop codon. The FM cassette was constructed as above, but with the 3xMyc and 3xFlag sequences swapped. All three were initially cloned into the pEGFP-N1 (Clontech) vector at the SacII/NotI sites. GFP-Cherry control was made by inserting the Myc sequence as the ORF. Sequences for the human versions of Nup93; Nup96; Nup133; Histone H2B, H3.1, H3.3, and H4; and the rat sequence for Pom121 were all cloned into the FM and MF constructs, and these sequences with the RITE constructs were then cloned into pDONR207 plasmids using Gateway cloning (Thermo Fisher Scientific). Gateway constructs were then recombined into lentiviral vectors ([@bib7]) marked with blasticidin (pLentiCMVBlast) or puromycin (pLentiCMVPuro), and third-generation lentivirus protocols were followed to produce virus in 293T cells. C2C12 cells were infected with viral supernatant from 293T cells in the presence of 6 µg/ml polybrene for 24 h and selected 48 h after infection with either 10 µg/ml blasticidin or 2 µg/ml puromycin.

shRNA construction and cell lines {#s10}
---------------------------------

shRNAs were designed targeting mouse Pom121, Chmp3, and Chmp2a using the shERWOOD algorithm ([@bib20]) and cloned into the EcoRI and XhoI sites in the mIR-E lentiviral all-in-one plasmid ([@bib11]). Sequences used were as follows: Pom121, 5′-TGCTGTTGACAGTGAGCGACAGGAGAAAAGGTTACAGATATAGTGAAGCCACAGATGTATATCTGTAACCTTTTCTCCTGGTGCCTACTGCCTCGGA-3′; Chmp3, 5′-TGCTGTTGACAGTGAGCGCGAAGAGCACAGAAGTGATGAATAGTGAAGCCACAGATGTATTCATCACTTCTGTGCTCTTCTTGCCTACTGCCTCGGA-3′; and Chmp2a, 5′-TGCTGTTGACAGTGAGCGAATGGGTGATGAGGAAGATGAATAGTGAAGCCACAGATGTATTCATCTTCCTCATCACCCATGTGCCTACTGCCTCGGA-3′. Cell lines expressing the inducible shRNAs were made in blasticidin-selected Nup-RITE C2C12 cell using puromycin to select for the shRNA.

Antibodies and imaging reagents {#s11}
-------------------------------

All antibodies were used at 1:1,000 dilution unless otherwise indicated. Mouse anti-Myc (9B11; Cell Signaling Technologies), mouse anti-Flag (M2; Sigma), and rabbit anti-H3K9me3 (ab8898; Abcam) antibodies were used for all immunofluorescence and ChIP experiments. Mouse Mab414 (ab50008; Abcam) was used for NPC staining and pore counting by superresolution microscopy. Rabbit anti-Chmp3 (PA5-49400; Invitrogen), rabbit anti-Chmp2a (GTX102142; GeneTex), and mouse anti-GAPDH (ab8245; Abcam) were used for Western blotting. For imaging Myc and Flag simultaneously, Alexa Fluor 488 goat anti--mouse IgG1 (A21121; Thermo Fisher Scientific) and Alexa Fluor 568 goat anti--mouse IgG2a (A21134; Thermo Fisher Scientific) secondary antibodies were used. For H3K9me3 staining, Alexa Fluor 647 goat anti--rabbit secondary antibody was used. For Western blots, HRP anti-mouse and -rabbit secondary antibodies were used at 1:5,000 dilutions. For EdU imaging, the Click-iT EdU Alexa Fluor 555 imaging kit and protocol were used (C10338).

Cell culture and RITE tag switching {#s12}
-----------------------------------

U2OS cells were cultured in DMEM with 10% FBS in the presence of penicillin streptomycin (P/S) antibiotics. Dividing C2C12 cells were cultured in DMEM, 20% FBS, and P/S. For differentiation into myotubes, C2C12 cells were normally grown until fully confluent, washed with warm PBS and warm DMEM, with 2% horse serum and P/S medium added (myotube medium). Cells were kept in myotube medium for 5 d to differentiate, and time course experiments started with that day as the time = 0 point, unless otherwise stated. Myotube medium was changed every 2 d throughout the time course. Tag switch was initiated by adding 4OHT (H6278; Sigma) to 1 µM concentration for 24 h. Quiescent cells were induced based on previously described methods ([@bib47]) by growing C2C12 myoblasts to ∼75% confluence, washing twice with warm PBS, and adding quiescent medium (DMEM without methionine, 2% FBS, and P/S). Cells were kept in quiescent medium for 3 d, after which time course experiments were started as that day as time = 0. Quiescent medium was changed every 2 d. For tag exchange in U2OS, C2C12 myoblasts, and quiescent cells, concentrated adenovirus expressing Cre (Ad-Cre) was added to the medium (University of Iowa).

RITE in U2OS {#s13}
------------

For [Figs. 1 B](#fig1){ref-type="fig"} and S1, GFP-Cherry and Nup93, Nup96, Nup133, Pom121, H2B, H3.1, H3.3, and H4 RITE-tagged constructs (FM and MF) were transiently transfected into U2OS cells on coverslips according to the manufacturer's protocol using Lipofectamine 2000 (Thermo Fisher Scientific). For [Fig. 1 B](#fig1){ref-type="fig"}, tag switch was initiated 3 d before fixing. 2 d after transfection, Nup-transfected cells were preextracted by washing with CSK buffer (10 mM Pipes, pH 7, 100 mM NaCl, 300 mM sucrose, and 3 mM MgCl~2~) at 4°C, and then incubated with CSK buffer with 0.5% Triton X-100 (CSK-T) at 4°C for 5 min. Cells were immediately fixed with 4% PFA (Electron Microscopy Sciences) for 2 min at RT. 2 and 4 d, respectively, after transfection, histone and GFP-Cherry transfected cells were washed with PBS and fixed in 4% PFA at RT for 2 min. All fixed cells were then solubilized and blocked in IF buffer (0.1% Triton X-100, 0.02% SDS, and 20 mg/ml BSA, in PBS) at RT and stained for Myc and Flag in IF buffer for 1 h at RT, washed three times in IF buffer, stained with secondary antibodies in IF buffer for 1 h at RT, and washed three times in IF buffer. For [Fig. 1 (B--D)](#fig1){ref-type="fig"} and Fig. S1 B, cells were mounted in Vectashield and sealed before imaging using confocal microscopy (LSM710; Zeiss). For Fig. S1 A, cells were initially seeded on high-performance cover glass (474030-9000-000; Zeiss) and, after fixing and staining as described above, mounted using ProLong Gold (P36930; Life Technologies), allowed to cure at RT for 3 d, and imaged using Airyscan superresolution microscopy (LSM 880; Zeiss).

RITE in myoblasts {#s14}
-----------------

Stable C2C12 cell lines expressing Nup93, Nup96, Nup133, Pom121, H2B, H3.1, H3.3, and H4 with FM and MF RITE tags were made and grown on coverglass. 16 h before fixing, tag-switch was initiated by Ad-Cre virus. Nup cell lines were preextracted as described above, and both Nup and histone cell lines were fixed and stained as described above. Mounting and imaging was performed as described above using confocal microscopy (LSM710). Fluorescence was quantified by adjusting laser power and gain settings on the 0-d and final-day time points to ensure maximum signal without saturation. All time points were then imaged using identical settings, and mean intensity signal for Myc and Flag was determined for each cell using ImageJ (National Institutes of Health). Fraction intensity was calculated as old intensity minus background, divided by old plus new intensity minus background.

RITE in myotubes for imaging {#s15}
----------------------------

Stable C2C12 cell lines from above were individually grown to confluence at a 5:1 ratio with a stable C2C12 cell line expressing CreERT2 in Ibidi µ-Slide chambers (80826; Ibidi). Myotube induction was performed as described above. Tag switch at the indicated time points was initiated at the respective days before fixation. The entire slide (all time points) was then fixed and stained as described above. Imaging and quantification were performed as described above. For analyzing Nup turnover without using Cre or 4OHT (Fig. S1 C), indicated (FM and MF) Nup cell lines were mixed and differentiated as described above. No tag switch was initiated. After 14 d in myotube media, cells were fixed, stained, and imaged as described above.

RITE in quiescent cells {#s16}
-----------------------

Stable C2C12 cell lines from above were grown in Ibidi chamber slides and put into quiescence medium as described above. Tag switch at the indicated time points was initiated at their respective days before fixation, and the entire slide (all time points) fixed, stained, imaged, and quantified as described above. For experiments expressing shRNAs, C2C12 cell lines with the Nup-RITE and shRNAs described above were left untreated (no dox) or treated with 1 µg/ml doxycycline (50328702; Thermo Fisher Scientific), with drug addition occurring simultaneously with tag-switch. 3-Methyl adenine at 5 mM (3MA; M9281; Sigma), trehalose 100 mM (T9531; Sigma), and cytosine arabinoside at 10 µM (AraC; Sigma) were all added at tag-switch and remained in culture throughout the rest of the experiment. To identify DNA synthesis in quiescence (Fig. S1 C), cells were placed in quiescence medium as described above, and 24 h before the indicated time points, EdU was added to 10 µM. For [Fig. 3 C](#fig3){ref-type="fig"}, EdU was added to 10 µM for the entire (14-d) time course, and tag switch was induced as described above. For rich medium add-back, quiescence medium was removed and replaced with myoblast medium 24 h before fixing and staining. For superresolution imaging, experiments were performed as described above, but with cells seeded on high-performance cover glass, fixed, stained, mounted as described in RITE in U2OS above, and imaged using superresolution SIM (Elyra PS.1; Zeiss).

Image analysis {#s17}
--------------

Fraction Myc or Flag intensities were calculated by determining signal intensity of NPC-localized protein by quantifying signal at the NE using Fiji (ImageJ). Background intensity values were then subtracted for each image, and fraction intensity was calculated as the old protein intensity divided by the old plus new signal intensities. To calculate new protein incorporation, only new protein intensities with background subtracted were determined and plotted. Quantification of NPC numbers was done on 3D-reconstructed SIM images using the spot finder and surface tools (Imaris, Bitplane). Statistics were calculated using two-tailed unpaired *t* tests (Prism; GraphPad). Colocalization plots and analysis were performed using Imaris (v9.2; Bitplane) and displayed Mander's correlation coefficients represent calculated values after automatic thresholding. For Figs. S1 A and S2 C, point spread function width = 0.115 µm. For Fig. S1 B, point spread function width = 0.396 µm. Numbers of nuclei quantified are as follows: [Fig. 3 A](#fig3){ref-type="fig"}, Nup93 (19, 19, 31, 32), Nup96 (5, 8, 16, 22), Nup133 (15, 8, 12, 10), Pom121 (10, 19, 23, 14); [Fig. 3 B](#fig3){ref-type="fig"}, Nup93 (24, 29, 26, 26), Nup96 (10, 16, 10, 18), Nup133 (14, 10, 16, 12), Pom121 (15, 30, 41, 28); [Fig. 3 C](#fig3){ref-type="fig"}, Nup93 (26, 19, 28, 29), Nup96 (11, 6, 13, 10), Nup133 (15, 18, 36, 39), Pom121 (19, 20, 13, 5); [Fig. 4 B](#fig4){ref-type="fig"}, Nup93 (10, 11, 11), Nup96 (11, 12, 13), Nup133 (10, 9, 11); [Fig. 4 D](#fig4){ref-type="fig"}, 0 d (28, 23), 2 wk (32, 38); [Fig. 4 E](#fig4){ref-type="fig"}, Luciferase (20, 16, 28, 26), Chmp3 (12, 23, 15, 13), Chmp2 (25, 16, 18, 20); Fig. S2 E, same as [Fig. 4 B](#fig4){ref-type="fig"}; Fig. S3 B, Nup93 0 d (8, 4), 14 d (10, 2), Nup96 0 d (6, 4), 14 d (8, 3), Nup133 0 d (8, 8), 14 d (23, 3), Pom121 0 d (8, 4), 4 d (13, 7); and Fig. S3 C, Nup93 0 d (24, 18), 7 d (15, 25), Nup96 0 d (19, 20), 7 d (20, 22).

ChIP-seq of RITE in myotubes {#s18}
----------------------------

A stable C2C12 cell line expressing RITE-MF--tagged histone H3.3 was cultured and differentiated into myotubes as described above, using one 15-cm plate per immunoprecipitation (IP) per time point. Tag switch was initiated as described above using 4OHT or left untreated for the 0-d time point. At 2, 4, and 7 d after tag switch (2 d for untreated), cells were washed once with PBS and incubated with 1:5 diluted trypsin/versene solution at 37°C. Cells were carefully monitored until differentiated myotubes came off the plate and single-cell quiescent cells remained attached (5--10 min), trypsin was quenched by adding myotube medium, and all myotubes were collected from the plate. Cells were pelleted, washed with 1× PBS, and resuspended in 1% formaldehyde in PBS for 10 min at RT. Glycine was added to 125 mM final concentration, cells were pelleted at 4°C, and pellets were snap-frozen. For chromatin shearing, pellets were resuspended in CiA NP1 (50 mM Hepes, pH 8.0, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, and 0.25% Triton X-100) at 4°C for 5 min, nuclei were pelleted at 1,200 relative centrifugal force for 5 min at 4°C, and pellet was washed similarly by resuspending and spinning with CiA NP2 (10 mM Tris, pH 8.0, 1 mM EDTA, 0.5 mM EGTA, and 200 mM NaCl) and twice with Covaris shearing buffer (0.1% SDS, 1 mM EDTA, and 10 mM Tris, pH 8.0). The final pellets were resuspended in 130 µl Covaris shearing buffer with 1× protease inhibitors (Complete EDTA-free; Roche), and sheared in AFA fiber microTUBE tubes (520045; Covaris) in a E220 machine (Covaris) for 20 min (2% duty, 105 Watts, 200 cycles per burst, 4°C). Sheared chromatin was spun at 4°C for 5 min, and supernatant was kept for IP, with 10% set aside for input DNA. 5× IP buffer (250 mM Hepes, pH 7.5, 1.5 M NaCl, 5 mM EDTA, 5% Triton X-100, 0.5% sodium deoxycholate \[DOC\], and 0.5% SDS) was added to sheared chromatin to 1× dilution and Myc, Flag, and H3K9me3 antibodies were individually added at 5 µg per IP, incubated at 4°C for 4 h. 50 µl anti-mouse, for Myc and Flag (11201D; Life Technologies), or anti-rabbit, for H3K9me3 (11203D; Life Technologies), magnetic beads were added and incubation continued overnight at 4°C. IPs were washed 2× with 1× IP buffer, washed 1× in DOC buffer (10 mM Tris, pH 8.0, 0.25 M LiCl, 0.5% NP-40, 0.5% DOC, and 1 mM EDTA), 1× in TE (10 mM Tris, pH 8.0, and 1 mM EDTA), and incubated for 20 min at RT with 150 µl elution buffer (1% SDS and 0.1 M NaHCO~3~). Supernatant was collected, RNase A was added to 0.2 mg/ml and incubated at 37°C for 30 min, and proteinase K (50 µg/ml), EDTA (to 10 mM), and Tris, pH 6.5 (to 40 mM) were added and incubated over ight at 65°C. Input chromatin was similarly treated with RNase and proteinase K. DNA was then purified using MinElute columns (28006; Qiagen) using the Qiagen protocol, and Illumina-compatible libraries were generated using the Kapa Hyper Prep Kit (KK8504; Kapa Biosystems). Multiplexed single-end sequencing was performed on a NextSeq 500 instrument (Illumina). Domains of new histone incorporation were first defined using RSEG ([@bib36]) and metagene plots made using ngs.plot (<https://github.com/shenlab-sinai/ngsplot>).

Western blotting {#s19}
----------------

Lysates were made from cells treated with or without doxycycline for 3 d by scraping in SDS lysis buffer (4% SDS and 100 mM Tris, pH 6.8). Lysates were quantified, and 30 µg protein was loaded on 4--12% Bis-Tris gradient gels (Invitrogen). Wet transfers were performed onto nitrocellulose paper (Protran NC; GE Healthcare Biosciences), blocked with 5% milk, and incubated with the previously described antibodies for 1 h. Blots were washed 3× for 5 min using TBST (0.25% Tween 20, 20 mM Tris, pH 8.0, and 137 mM NaCl) and incubated with HRP secondary antibody for 1 h. Blots were then washed 3× for 5 min and developed using SuperSignal West Pico or Femto (PI34078, PI34095; Thermo Fisher Scientific) reagent and exposure to film.

mRNA levels {#s20}
-----------

Lysates were made from cells treated with or without doxycycline for 3 d, and total RNA was purified using the RNeasy Mini Kit (Qiagen). From this, 250 µg RNA was used to make cDNA using the QuantiTect Reverse transcription kit (Qiagen). PCR reactions using primers amplifying ∼200-bp fragments of GAPDH and Pom121 from 1 µl cDNA were set up, and samples were taken at 26, 30, 32, and 35 cycles. Samples were run on 2% agarose gels stained with ethidium bromide and imaged. Primers used were as follows: GAPDH (5′-GGAAGGGCTCATGACCACAGTCC, CATCATACTTGGCAGGTTTCTCCAGGCGG-3′) and Pom121 (5′-CCAGGAGAAAAGGTTACAGATACAACC, GGAAGCATCATCTGGCTTGTCCTCC-3′).

Correlative EM and MIMS {#s21}
-----------------------

Before image acquisition, mice were metabolically labeled with ^15^N as described ([@bib40]) and chased with regular chow that contains the natural abundance of ^14^N for 6 mo. Next, the animals were euthanized, perfused with fixative (0.15 M cacodylate buffer \[Ted Pella\], pH 7.4, containing 2.5% glutaraldehyde \[Electron Microscopy Sciences\], 2% formaldehyde \[fresh from paraformaldehyde; EMS\] with 2 mM calcium chloride at 35°C for 5 min), and the brain was dissected and prepared for EM imaging as in [@bib9]. Next, using a scanning electron microscope (MerlinSEM; Zeiss), we acquired high-resolution electron micrographs (pixel size \<4 nm) and recorded the tissue coordinates of en face NPCs for individual neurons (*n* = 4) from one mouse in 80-nm-thick sections mounted on ∼7 × 7-mm silicon wafers. Next, the silicon wafers were mounted on MIMS sample holders and processed for MIMS mapping. MIMS acquisition of mapped neuronal NPCs was done as described previously ([@bib46]). Briefly, NPCs imaged and mapped previously were scanned with a NanoSIMS 50L (Cameca) using a Cesium (Cs^−^) beam with a spot size of ∼110 nm, and ^15^N and ^14^N levels were detected simultaneously with a pixel dwell time of 3--10 ms/pixel in 30--60-µm raster using a 512 × 512 or 1,024 × 1,024 image size ([@bib46]). Overlay of MIMS and SEM images was done using linear alignment tools developed in house (National Center for Microscopy and Imaging Research). Quantification of MIMS ^15^N, ^14^N, and ^15^N/^14^N ratio data were done with the Fiji plugin OpenMIMS (Harvard; [@bib46]).

Online supplemental material {#s22}
----------------------------

Fig. S1 provides information about the localization bias between RITE-tagged constructs. Fig. S2 provides details about NPC turnover in nondividing C2C12 quiescent cells and shows NPC replacement expressed in nuclear pore density. Fig. S3 provides information about tissue sectioning and image acquisition for MIMS and data about NPC replacement in quiescent cells.
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